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Abstract
A new experimental method for the estimation of kinetic parameters using the signal of the heat flow from a differential 
scanning calorimeter is presented. An isothermal gas solid reaction was carried out in a differential scanning calorimeter 
(DSC) in continuous flow on a fixed bed of catalyst in the crucible. An instantaneous energy balance in steady state was made 
for estimate the total heat flow produced by the reaction and deduce the kinetics parameters. Hydrogenation of CO2 on Ni/
Al2O3 solid catalyst was used to produce methane as base reaction. This reaction was chosen because it is very exothermic, 
and also a well-known reaction in terms of kinetics. A large range of stochiometric and non-stochiometric operating condi-
tions were studied with ratios of reactants H2/CO2 between 3 and 7, diluted with N2 at different isothermal conditions in an 
interval of temperature between 573 and 673 K for different flow rates of mixture of gases. CO2 methanation involves several 
reactions in parallel where the main ones are the Sabatier reaction and the reverse water gas shift (RWGS) reaction. To keep 
the isothermicity of the catalytic bed, a theorical analysis of heat and mass transfer limitations was carried out to determine 
the absence of the internal and external limitation in the kinetic data.
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List of symbols
Eai	� Activation energy of reaction I (J mol−1)
F	� Molar flow rate (mol s−1)
fq	� Optimization criterion (–)
k∞i PL-1	� Kinetic constant–pre-exponential factor PL-1
k∞i PL-2	� Kinetic constant–pre-exponential factor PL-2
Keqi	� Equilibrium constant of reaction i (–)
mcat	� Catalyst mass (g)
ni	� Reaction order PL-1 (–)
oi	� Reaction order PL-2 (–)
P	� Pressure (bar)
Pj	� Partial pressure of species j (bar)
q	� Heat flow (W)
R	� Perfect gas constant (J mol−1 K−1)
T	� Temperature (K)
yj	� Molar fraction of species j (–)
Yj	� Adimensionally flow rates (–)

Greek letters
αi	� Chemical expansion (–)
νij	� Stochiometric coefficient(–)
ΔHi	� Enthalpy of reaction i (J mol−1)
χi	� Extent of reaction i (–)
�
i
	� Reaction rate of reaction i (mol g−1 s−1)

Subscript
CSTR	� Continuously stirred tank reactor
DSC	� Differential scanning calorimetry
RWGS	� Reverse water gas shift
µGC	� Micro gas phase chromatograph

Introduction

The kinetic characterization of chemical processes is fun-
damental to understand and optimize industrial processes. 
In complex catalytic reactions, an important experimental 
phase is necessary that includes the performance of numer-
ous manipulations with various operating conditions to col-
lect the data on which the development of the model will be 
based, which makes this process more complex and longer. 
Calorimetry is a valuable tool for rapid determination of 
kinetic parameters, as it allows measuring the heat flow that 
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occurs during physical and chemical transformations [1]. 
This technique involves the use of a calorimeter, which is a 
device that measure the amount of heat exchanged between 
the system and the surrounding environment and these can 
be batch or continuous flow reactors [2, 3]. Depending on 
the configuration of the calorimeter, reaction calorimetry can 
be divided into four operating modes: adiabatic mode, isop-
eribolic mode, isothermal mode and scanning mode [4–6].

Microcalorimetry is a specialized branch of calorimetry. 
This technique measures very small heat changes in small 
sample volumes. One of the most common microcalorimet-
ric techniques for the study of various simple or complex 
substances is differential scanning calorimetry (DSC) [7]. 
It is a thermal analysis technique that measures the differ-
ence of heat flow between a sample and a reference material 
as a function of time or temperature in isothermal or non-
isothermal mode as the reactions take place [8]. To improve 
the sensitivity and resolution of DSC measurements, three-
dimensional shape temperature sensor is very useful because 
they can provide more accurate measurements than tradi-
tional flat sensors. This technique uses a group of thermo-
couples surrounding the sample and allows temperature to 
be measured with high resolution, allowing for more detailed 
measurements of heat flow and thermal properties [9].

Differential scanning calorimetry (DSC) is a powerful 
analytical technique that has gained popularity in recent 
years due to its ability to provide highly sensitive and accu-
rate thermal analysis data of materials and substances, 
including the determination of phase transitions, chemi-
cal reactions, and changes in heat capacity [2, 10]. For that 
reason, this technique has aroused interest of researchers 
from various fields such as polymers (Drzeżdżon et al. [11]), 
pharmaceuticals (Clas et al. [12]), food (Leyvia-Porras et al. 
[13]). The heat flow signal measured by a DSC during the 
reaction allows to estimate the kinetic parameters as shown 
Pagano et al. [14, 15]. Their estimation procedure is based 
on the use of an energy balance on the encapsulated sample 
of epoxy resin in the DSC. A differential–algebraic approach 
was adopted in their method, making possible the use of 
direct measurements of the heat rate of reaction released 
by the DSC. With this approach, good agreement between 
experimental and predicted data was achieved.

This article proposes a methodology to develop an iso-
thermal model for a heterogeneous (gas–solid) reaction 
using a continuous flow DSC considering the catalytic cru-
cible as a continuous stirred tank reactor (CSTR). In this 
method, the reactants are continuously fed, which allows the 
continuous measurement of heat flow in the system. This is 
a simple and fast method to estimate the kinetics of the cata-
lytic reaction using a small sample volume. Estimation of 
kinetics parameters (activation energy, kinetic constant and 

reaction order) based on heat flow measurement allows to 
determine the extent reaction, which reduces the necessity to 
perform numerous output analyses, making it a very useful 
tool for optimizing the kinetic modeling stage.

Experimental

Materials

The gases used in this study are carbon dioxide and hydro-
gen as methanation reagents, and nitrogen as carrier gas. The 
bottles of gases CO2, H2, and N2 were provided by Linde and 
they have a high purity of 99.95%. The catalyst used was 
developed by Alrafei et al. [16], which is based on nickel 
dispersed on an alumina support (Ni/Al2O3). Nickel has a 
mass composition of 15% and is in the form of a fine powder 
with diameter < 50 µm. We have chosen this catalyst since 
it has been used in others studies about CO2 methanation 
reaction and also because nickel is the most widely used 
catalyst owing to its high selectivity in this reaction and low 
cost [17–20].

Reaction support

We have used the hydrogenation of CO2 to produce methane 
as base reaction. We have chosen this reaction because CO2 
hydrogenation is very exothermic, and it is a well-known 
reaction in terms of kinetics [21], and also because in last 
years, the global philosophy in research and industry field 
is to reduce CO2 emissions to the environment [22]. Many 
strategies have been developed for this purpose, one of them 
is hydrogenation of CO2 to obtain different high value prod-
ucts [23]. CO2 methanation involves several reactions in 
parallel where the main ones are:

Sabatier reaction CO
2
+ 4H

2
⇌ CH

4
+ 2H

2
OΔH

R
==

−165.0 kJ mol
−1  (R1).

Reverse Water Gas Shift (RWGS) CO
2
+ H

2
⇌ CO+

H
2
OΔH

R
= 41.2 kJ mol

−1 (R2).

Reactor configuration

The SENSYS Evo DSC in continuous flow was used as heat 
flow measure equipment. This device provides high accu-
racy (± 0.4% of calorimetric precision) in heat measure-
ments thanks to its “3D” sensor based on thermocouples. 
The three-dimensional sensor of this device is composed of 
2 cylindrical thermopiles composed by 10 rings each con-
taining 12 thermocouples. Every thermopile surrounds the 
sample or the reference all along the lateral surface of the 
crucibles.
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As our experimental system implements a heterogene-
ous gas–solid reaction, the cell with catalytic crucible 
of the DSC is used. For every experiment we have used 
0.013 g of catalyst in the measure cell and the same value 
of mass of Al2O3 in the reference cell. The crucibles con-
taining the sample and reference are placed directly in the 
center of the furnace area, which operates in a tempera-
ture range between room temperature and 873 K.

To obtain the measured heat flow from the DSC, the 
flow rates of gases are first adjusted at room temperature 
and then cells are heating with a temperature ramp of 
4 K min−1 up to the setpoint temperature. When de system 
is finally stabilized, heat flow is continuously recovered. 
The temperature is increased at the next setpoint tem-
perature and the process is repeated. For the validation 
of our results, in one of our experiments the output gases 
were analyzed inline by a CHEMLYS micro gas phase 
chromatograph (μGC) [24]. Figure 1 shows the schematic 
representation of the experimental installation. The three 
inlets gases are regulated by Bronkhorst flowmeter and 
then mixed through a fitting before entering the DSC. To 
ensure the passage of the same mixing flow rate in both 
cells, the series configuration, reference cell then meas-
urement cell, has been used. We show detailed schematic 
view of the crucible with the gas flow inlet and outlet 
and the catalyst bed, we can see clearly how the gas flow 
through the catalyst and how the catalyst is trapped inside 
the cell.

Model

Hypothesis

Our model considers the crucible containing the catalyst as 
a continuous stirred tank reactor (CSTR). Therefore, com-
position, temperature and pressure at outlet are considered 
the same as inside the reactor, allowing to obtain a system of 
algebraic equations to be solved, thus facilitating the calcula-
tions of the reaction extent.

The reaction extent is supposed zero at reactor inlet. Then 
each reaction extent �i is simply linked to reaction rate with 
Eq. 1. Dimensionless extent of reaction �i is used, which 
represents the molar flow of reaction i divided par the refer-
ence molar flow:

�
i
 is given by the power law’s equations, presented in Eq. 2 

and Eq. 3 for Sabatier reaction and Eq. 5 and Eq. 6 for 
RWGS reaction. It is important to highlight that this model 
has been established supposing the isothermicity of the cata-
lytic bed.

In the literature we can find several ways of writing a 
kinetic model of a reaction on solid catalysis [25–28]. The 
list of parameters will have to be modified according to the 
model chosen. To test our model, we have chosen the two 
most commonly used. For our main reaction, Sabatier reac-
tion, we have considered applying the empirical power law 

(1)�
i
= 𝓇

i
⋅ m

cat
= F

0
⋅ �

i
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Fig. 1   Schematic representation of the experimental installation
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equations proposed by Lunde and Kester [29] (PL-1) as 
shown in Eq. 2, and the power law equations considering the 
reaction orders of hydrogen and carbon dioxide as Koschany 
et al. [18] (PL-2) as shown in Eq. 3. The equilibrium con-
stant expression used in both power laws was the empirical 
expression as a function of temperature developed by Lunde 
and Kester [29] as shown in Eq. 4.

For the secondary reaction, the reverse water gas shift 
(RWGS), we have considered applying Lunde and Kester’s 
power law to this reaction as shown in Eq. 5, and a similar 
power law considering the reaction orders of hydrogen and 
carbon dioxide for this reaction used by [20] as shown in 
Eq. 6. The equilibrium constant expression used in both 
power laws was taken from the equilibrium equation of the 
water gas shift (WGS) reaction as function of temperature, 
developed by  Twigg [30]  cons ider ing  tha t , 
K

eq
2
(T) =

1

K
eqRWGS

(T)
  as shown in Eq. 7 below.

Mass balance

Flow rates

Our model considers a CSTR, therefore, temperature T and 
pressure P at outlet are considered the same as inside the 

(2)

�� − 1𝓇
1
= k

∞.1
⋅ exp
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−Ea
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1

ln(K
eq

2
(T))
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5693.5

T
+ 1.077ln(T)

+ 5.44 ⋅ 10
−4

− 1.125⋅10
−7
T
2
−

49170

T2
− 13.148

reactor. The molar flow rate of CO2 at the inlet was chosen as 
reference molar flow rate F

0
. Molar flow rates ratios are given 

by Eq. 8. Considering that extent is zero at reactor inlet, molar 
flow rates at the outlet of the reactor are given in Eqs. 9 and 10 
respectively for each species j and in total.

(8)Y
j
=

Fin

j

F
0

(9)Fout

j
= F

0
⋅

(
Y
j
+

∑
i
�
i.j
⋅ �

i

)

The chemical expansion is calculated by Eq. 11. It consid-
ers the non-conservation of the number of molecules in each 
reaction i.

Partial pressures

Partial pressures of each constituent at the outlet can be cal-
culated with Eq. 12.

Substituting the molar flows by Eqs. 9 and 10, we can 
obtain the expression of the partial pressure as a function of 
the reaction extent given in Eq. 13.

(10)Fout
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0
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j
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∑

i
�
i
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i
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Power balance

According to the instantaneous energy balance in the steady 
state and isothermal mode in a continuous flow reactor, the 
total heat flow produced by the reaction can be written as 
function of the extent of the reaction as shown in Eq. 14, 
where ΔH

i
 is the enthalpy of reaction in J⋅mol

−1

co
2

 , and χ
i
 reac-

tion extent for each reaction i.

Heat and mass transfer limitation study 
and operating conditions

To propose a rate expression that describes intrinsic reaction 
kinetics and that is suitable for reactors design calculations, 
operating conditions should be selected to respect isother-
micity in the catalytic bed. For this reason, we carried out a 
theoretical study based on different heat transfer limitation 
criteria: Prater criteria to obtain the dimensionless maximum 
temperature rise in the catalyst [31], Mears criteria for the 
evaluation of the absence of external heat transfer limitation 
[32], and Anderson criteria for the evaluation of the internal 
resistance to heat transfer [33]. The equations of these crite-
ria can be found in the supporting information.

For the evaluations of these criteria, a large range of sto-
chiometric and non-stochiometric operating conditions with 
different ratios of reactant H2/CO2 and N2 as carrier gas in 
the inlet flow at different isothermal conditions in an interval 
of temperature between 573 and 673 K with an increase of 
10 K have been selected.

(14)q̇ = −

∑
i
𝜒
i
⋅ F

0
⋅ ΔH

i

The furnace temperature at highest measured heat flow 
was 673 K, thus we carried out the evaluation of heat trans-
fer limitations at this temperature to obtain the worst value 
for each criterion. We have considered that only our main 
reaction occurred and the measured heat flow was generated 
by this reaction. Table 1 shows the results of this evalua-
tion and the operating conditions that will be used for the 
kinetic study at different temperatures. We can see that those 
selected operating conditions respect all heat transfer criteria 
that allows us to ensure the isothermicity of the catalytic bed 
during the reaction.

To confirm the homogeneity of the composition, mass 
transfer limitation was evaluated using two important crite-
ria, Weisz-Prater criteria for the evaluation of the absence of 
significant intraphase diffusion effects [34], and Mears crite-
ria for the evaluation of the absence of external mass transfer 
limitation [35]. The equations of these criteria can be found 
in the supporting information. Table 2 shows the results of 
this evaluation for each operating condition. Satisfaction of 
these criteria demonstrates that interphase and intraphase 
mass transfer is not significantly affecting the measured rate.

Estimation of kinetic parameters 
in continuous DSC

The approach, described in Fig. 2, consists in a classical 
parameter estimation method based on the comparison of the 
estimated heat flow from the kinetic model to the measured 
one. The optimization criteria indicates the accuracy of the 
set of kinetic parameters used; the lower the criteria, the 
better the model will represent the experiments.

Table 1   Operating conditions 
and heat transfer limitation 
results for a furnace temperature 
of 673 K and catalytic powder 
with diameter < 50 µm

Operating conditions Heat transfer imitation criteria

H2/CO2 Fmix/mol h−1
y
N

2

y
H

2

y
CO

2

Anderson 
limit < 0.75

Mears 
limit < 0.15

Prater (K) 
limit < 5 K

4 0.25 50.0% 40.0% 10.0% 6×10−4 0.016 2.1
0.50 5×10−4 0.014 2.1
0.25 30.0% 56.0% 14.0% 9×10−4 0.020 2.9
0.50 7×10−4 0.015 2.9
0.25 10.0% 72.0% 18.0% 8×10−4 0.015 3.7

7 0.25 50.0% 43.7% 6.3% 6×10−4 0.012 1.3
0.50 4×10−4 0.009 1.3
0.25 30.0% 61.3% 8.7% 9×10−4 0.015 1.8
0.50 6×10−4 0.011 1.8
0.25 10.0% 78.7% 11.3% 8×10−4 0,012 2.3

3 0.25 50.0% 37.5% 12.5% 6×10−4 0.017 2.0
0.50 4×10−4 0.012 2.0
0.25 30.0% 52.5% 17.5% 7×10−4 0.018 2.7
0.50 6×10−4 0.015 2.7
0.25 10.0% 67.5% 22.5% 9×10−4 0.020 3.5
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Estimation method

Due to high number of parameters to estimate (8 param-
eters: pre-exponential factor, activation energy and reaction 
orders for each reaction), a locally convergent estimation 
method would need to be initialized with a set of values of 
the parameters to be estimated not too far from the solution. 
To overcome this defect, especially when the order of mag-
nitude of the solution is difficult to estimate a priori, it may 
be advantageous to turn to a globally convergent method. 
These methods will simultaneously handle several sets of 
values of the parameters to be estimated.

Genetic Algorithms are estimation methods which are 
independent of the starting point and able to search in 

the entire space. The estimation method based on genetic 
algorithm is an advanced method for kinetic parameters 
determination [36]. This method combines a genetic algo-
rithm for initial parameters generation with a local conver-
gence method used for parameters optimization [37]. We 
have developed a program using Scilab for the estimation 
parameters based on genetic algorithm. The objective of 
this program is to find the value of �

i
 in Eq. 1 that makes 

this algebraic equation for a CSTR equal to zero using the 
Powell’s hybrid algorithm method (fsolve Scilab) for the 
solution. We used the power law equations (Sect. “Hypoth-
esis”) and the mass balance equations (Sect. “Mass bal-
ance”) expressed as a function of �

i
 for this purpose. 

Then as optimization function we have used “optim_ga” 

Table 2   Operating conditions 
and mass transfer limitation 
results for a furnace temperature 
of 673 K and catalytic powder 
with diameter < 50 µm

Operating conditions Mass transfer imitation 
criteria

H2/CO2 Ḟmix /mol h−1 y
N

2

y
H

2

y
CO

2

Weisz–Prater 
limit ≦ 1

Mears 
limit < 0.15

4 0.25 50.0% 40.0% 10.0% 0.10 0.016
0.50 0.11 0.013
0.25 30.0% 56.0% 14.0% 0.11 0.032
0.50 0.09 0.023
0.25 10.0% 72.0% 18.0% 0.08 0.034

7 0.25 50.0% 43.7% 6.3% 0.16 0.009
0.50 0.17 0.007
0.25 30.0% 61.3% 8.7% 0.18 0.018
0.50 0.15 0.013
0.25 10.0% 78.7% 11.3% 0.16 0.022

3 0.25 50.0% 37.5% 12.5% 0.08 0.019
0.50 0.06 0.013
0.25 30.0% 52.5% 17.5% 0.07 0.031
0.50 0.06 0.026
0.25 10.0% 67.5% 22.5% 0.07 0.050

Fig. 2   Principle of estimation of 
kinetic parameters

Measured
heat flow

Estimated
heat flowModel

Optimization
criteriaExperiments

Operating conditions:
T, P, Flow rate and

composition

Estimated
parameters

Estimation
method
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to minimize the criterion shown in Eq. 15 where the heat 
flow q̇ is calculated as function of �

i
  as show with Eq. 14 

to finally estimate the kinetic parameters.
The criterion will indicate to the estimation method the 

accuracy of the set of kinetic parameters to be estimated. 
In our study, we have used a criterion expression as a func-
tion of the measured heat flow release by the reaction, 
considering NE experiments.

Results and discussion

Heat flow measurements and accuracy in the DSC 
device

Accuracy of heat flow measurements

To validate that the DSC measurements correspond to heat 
flow released by the reaction, we selected one experiment 
and analyzed the outlet gases continuously using a µGC, 
obtaining the concentration of each product gas in the out-
let. Thanks to these concentration data, we were able to 
calculate the extent of each reaction and then calculate 
the µGC heat flow using Eq. 14. This allows us to make a 
comparison between the heat flow measured by the DSC 
and the µGC heat flow as show in Fig. 3. We can see that 
most of measured heat flow points have less than 5% of 
deviation from the µGC one. The coefficient of determina-
tion R2 in the linear regression is 0.993 which indicates 

(15)f
q̇
=

NE∑
k=1

|||q̇calck
− q̇

exp

k

|||
q̇
exp

k

that the measured heat flow is very close to the analytical 
values confirming the accuracy of the measurements.

Evolution of measured heat flow versus temperature

Figure 4 shows some results of the measured heat flow by 
the DSC as function of temperature in the range 573–673 K; 
the other results can be found in the supporting information. 
Globally, in Fig. 4 we can see the effect of temperature for all 
operating conditions. As the temperature increases the meas-
ured heat flow increases independently of the gas mixture at 
the inlet, this is because the main reaction is exothermic and 
is favored at high temperatures. Figure 4a shows the effect 
of N2 dilution on the inlet gas mixture. We can see that the 
lower the dilution of N2, the higher the heat release during 
the reaction. This is because there is a higher conversion in 
the reaction because there is more reactant in the mixture. 
Figure 4b shows the effect of the total molar flow of the 
inlet for the same dilution with 30% N2. We can see that 
the lower the temperature, the lower the heat released dur-
ing the reaction. This is because there is less reactant flow. 
Figure 4c shows the effect of the reagent ratio H2/CO2 for the 
same gas mixture flow at the inlet Fmix = 0.25 mol h−1 and 
yN2. We can see that the heat flow for a ratio of H2/CO2 = 3 
is slightly lower than for the other two ratios H2/CO2 = 4 and 
7 because there is a lower conversion in the reaction since 
the mixture does not have the stoichiometry that favors the 
exothermic main reaction.

Parameters estimation results

The estimation of the kinetic parameters for both power law 
found in Eqs. 2 and 3 for Sabatier reaction and Eqs. 5 and 
6 for RWGS reaction, was carried out considering the 165 
experimental points obtained from the different operating 
conditions with different ratios of reactant H2/CO2 and N2 
as carrier gas as show in Table 1 and 2 and the variation 
furnace temperature in an interval between 573 and 673 K 
with an increase of 10 K.

We made a comparison with some parameter estimated 
by other authors for our main reaction, we also compared the 
value of the Arrhenius constant k

i,T
ref
= k

∞.i
⋅ exp

(
−Ea

i

R⋅T
ref

)
 at 

a reference temperature of 610 K for each reaction since the 
values of k

∞.i
 are not comparable. Uncertainties of these 

parameters were assessed considering 5 parameters estima-
tions in which the genetic algorithm converges close to the 
same value of the optimization criterion.

Tables 3 and 4 show the parameter estimation results with 
PL-1 and PL-2 respectively. We can see that the order of 
magnitude of k

i,610K
 results are within the interval of the 

other authors. Although there are still some differences in 
the results, this may be related to probably not using the 
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Fig. 3   Parity plot comparing the measured heat flow against µGC 
heat flow calculated with the values of the reaction extent given by 
the µGC analysis. The operation condition was Ratio H2/CO2 = 3, 
yN2 = 0.3 and Ḟmix = 0.5 mol h−1
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same operating conditions, type of catalyst (same amount, 
same manufacturer or metal composition etc.).

In our results, the difference between the values of the 
activation energy of the Sabatier reaction (R1) and that of 
RWGS (R2) is normal because the reaction (R2) starts to 
take place at higher temperatures than R1 and therefore 
needs a higher activation energy.

Figure 5 provides the parity plot of the comparison of the 
estimated heat flow with PL-1 and PL-2 versus the meas-
ured heat flow for all the experiments, and a visualization 
of the deviation of a visualization of the deviation of both 
models from the experimental data. In both graph R2 and 
the slope of the linear regression are approximately 1. These 
results indicate a good prediction of the heat flow by the 
two models.

Figure 5a shows the results of the PL-1. The points are 
less dispersed but have a lower parity for measured heat 
flows higher than 0.5 W. Figure 5b shows the results of the 
PL-2. The points are more dispersed but they maintain the 
parity points.

Figure 6 shows the comparison between the reaction 
extent obtained from µGC analysis and the estimated reac-
tion extent of both reactions for one experiment. Figure 6a 
shows the results of the estimation using PL-1. The esti-
mated extent for reaction 1 achieves a good fit with the 
µGC values but we can see a variation of results from 
temperatures 643 to 673 K for the estimated extent for 
reaction 2. Figure 6b shows the results of the estimation 
using PL-2. The estimated reaction extent gets close to 
the analyzed ones, validating our estimation results for 
this model.
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Conclusions

We have presented an isothermal model based on a CSTR 
for the estimation of kinetic parameters in continuous flow. 
For the estimation of these parameters, we have used a 
genetic algorithm considering the relative absolute differ-
ence between the measured heat flow and the calculated 
one as an optimization criterion. Our approach involved 
the use of a DSC in continuous flow with a crucible con-
taining a catalytic bed for the measurement of heat flow 
during the chemical reaction. To ensure the isothermicity 
of the catalytic bed in DSC and to determine the intrinsic 
kinetics of the reaction, it is necessary to overcome the 
internal and external limitations of heat and mass transfer 
in the catalytic bed. It is important to use operating condi-
tions where the heat flow is high enough to be measured 
accurately, but not too high so that the temperature in the 
bed does not increase. Continuous flow DSC provides a 
high level of sensitivity and accuracy for heat flow meas-
urement, allowing the detection of small changes in heat 
flow associated with reactions. This is a simple and fast 

method that uses a small sample volume. Our results dem-
onstrate the effectiveness of this methodology for the esti-
mation of kinetic parameters in the hydrogenation of CO2 
in methane. For the study of operating conditions with 
high heat flows, it is necessary to change from isother-
mal to non-isothermal model to consider the temperature 
change in the bed.
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Fig. 6   Comparison between the 
estimated reaction extent and 
the µGC reaction extent reaction 
calculated with the concentra-
tions given by the µGC for 
both reactions. The operation 
condition was ratio H2/CO2 = 3, 
yN2 = 0.3 and Fmix = 0.5 mol h−1. 
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